A method using modulated continuous wave (CW) visible laser to measure time-resolved fluorescence spectra of trivalent rare-earth ions has been developed. Electro-optic modulator was used to modulate the CW pumping laser with a rise time of 2 μs. CW Nd 3+ lasers were used as examples to present the method. Upconversion dynamic process of Ho 3+ was studied utilizing a 532 nm CW laser. Quantum cutting dynamic process from Tb 3+ to Yb 3+ was analyzed by a 473 nm CW laser. This method can be applied to any CW laser such as He-Ne laser, Ar + laser, Kr + laser, Ti:sapphire laser, etc.
I. INTRODUCTION
Shelled by 5s5p electrons, trivalent rare earth ions inside a matrix exhibit their unique spectral characteristics, such as sharply spiked emission spectra and hundreds of microseconds long lifetimes.
1 The step-like energy level structures of trivalent rare earth ions have garnered wide attention in the fields of upconversion luminescence and quantum cutting. 2, 3 The radiative lifetimes of energy levels are of fundamental importance for basic research and practical applications. 4 Traditionally, research on photo-luminescence of trivalent rare earth ions is mainly focused on cost-effective infrared (IR) diode laser excitation. 5 In recent years, continuous-wave (CW) visible lasers are commercially available. Utilizing such laser to study energy transfer principles in the processes of upconversion luminescence has been attracting more and more attentions, due to the relatively high excitation photon energy compared with traditional infrared diode lasers. 6, 7 In addition, such lasers play an important role in the research of near infrared quantum cutting, which aims at improving the efficiency of solar cells. 8, 9 In such cases, measuring time resolved spectra of photo-luminescence induced by CW visible laser becomes a problem to be solved. Short laser pulses were usually used to measure time resolved spectra. However, to study interactions between ions, decay from a steady state (square wave excitation) contains more information, especially from the viewpoint of rate equations model. Considering nearly ideal boundary conditions, the measured decay curves could be better understood through analyzing ionic interactions. 10, 11 For IR diode lasers, square wave excitation could be easily realized by electric signal modulation. But, solid state CW visible laser cannot be modulated in such a simple method a) Electronic mail: weicai@hit.edu.cn b) Electronic mail: zhangzhiguo@hit.edu.cn c) Electronic mail: dzk@psu.edu duo to the mode competition and the influence to laser stability. Therefore, optic modulation becomes the only way to realize such a measurement. In the following, we use Nd 3+ lasers as an example to present a method of measuring the temporal evolution spectra using an electro-optic modulator to modulate the CW pumping laser. 
II. EXPERIMENTAL ARRANGEMENT
The experimental setup is shown in Fig. 1 . A CW laser beam normally incidents into a Glan laser prism to increase the degree of polarization. The beam out of the prism passes through an electro-optic modulator (Leysop EM200K), then normally incidents into another Glan laser prism. The final output beam is used as the excitation light, and focused on the sample. To obtain a square wave beam, a square wave signal originated from a function generator is sent to the high voltage direct current power source, which provides a pair of square wave voltage signals to the two ports of the electrooptic modulator. A modulated square wave excitation beam is then formed. Here, the pulse duration can be changed by the function generator according to the decay and rise time of each emission. The criterion of the pulse duration is that the emission that rises to the steady state during the "on" time and "off" time duration is 5 times longer than the decay time.
The luminescence excited by the beam is focused into a monochromator with a resolution of 1 nm, and the dispersed luminescence is detected by a photomultiplier tube (PMT) model Zolix CR131. The electric signal from the PMT is sampled by a digital phosphor oscilloscope (Tektronix DPO 5054), which is triggered by the function generator. Lifetime evaluation was carried out by a personal computer.
It should be pointed out that, in some cases, filters are needed in front of the entrance slit of the monochromator to eliminate the scattering effect of the pumping laser in the monochromator. However, for perfect crystals or glass, the filters are not necessary.
III. EXPERIMENTAL RESULTS AND THEORETICAL EXPLANATION

A. Time resolution of the system
The PMT gives the electric current output. In order to change the output mode of the PMT in terms of voltage, a resistor is required between the two poles of the signal output port. The resistance values would greatly affect the time resolution ability of the built system. Using resistance values of 10, 30, 50, and 100 k , the modulated waveform of the laser was measured first. A typical laser waveform and corresponding evaluation curve are shown in the inset of Fig. 1 . These decays are fitted to an exponential function, which gives corresponding decay times of 2.5 μs, 8.8 μs, 13 μs, and 25 μs for the resistance of 10, 30, 50, and 100 k , respectively. For a resistance of 10 k , lifetimes longer than 10 μs could be measured efficiently by this system, with an error of ±2 μs.
B. Upconversion dynamic process analysis
Ho 0.04 Y 1.96 O 3 ceramic was used for the investigation of upconversion dynamic process, under the excitation of a 532 nm CW laser. To identify the population physical mechanism of 3 D 3 state, fluorescence decay curves of concerned levels were measured and are plotted in Fig. 3 . For the 3 D 3 state, the decay curves have been fitted to double-exponential decay law and the estimated decay times are obtained as follows: τ 1 = 15 ± 2 μs, τ 2 = 48 ± 2 μs for 362 nm emission, and τ 1 = 16 ± 2 μs, τ 2 = 49 ± 2 μs for 414 nm emission. Decay curves for the emissions from 5 S 2 / 5 F 4 states are fitted to a single-exponential decay law and the decay time for the 550 nm emission is 95 ± 2 μs.
According to the differential equation model, for the 3 D 3 state, decay processes originated from steady state can be described by The energy level diagrams of Tb 3+ -Yb 3+ and corresponding transitions are identified in the inset of Fig. 4 .
The 473 nm pump laser is far from the resonant excitation for Yb 3+ , which means that the broad near-infrared emission band was originated from the energy transfer process of Tb 3+ to Yb 3+ . To identify the energy transfer mechanism, fluorescence decay curves of concerned levels were measured and are plotted in Fig. 5 . For the 2 F 5/2 → 2 F 7/2 transition, the decay curves have been fitted to the double-exponential decay law and the estimated decay times are τ 1 = 1.9 ± 0.1 ms, τ 2 = 0.6 ± 0.1 ms for the 1020 nm emission. Decay curve for the 5 D 4 → 7 F 5 transition is fitted to the single-exponential decay law and the decay time is 2.0 ± 0.1 ms.
According to the differential equation model, for the 2 F 5/2 state, decay processes originated from the steady state could be described by 
